Abstract Multi-functional silvopastoral systems provide a wide range of services to human society including the regulation of nutrients and water in soils and the sequestration of atmospheric carbon dioxide (CO 2 ). Although silvopastoral systems significantly contribute to enhance aboveground carbon (C) sequestration (e.g. C accumulation in woody plant biomass), their long-term effects on soil C pools are less clear. In this study we performed soil physical fractionation analyses to quantify the C pool of different aggregate fractions across three land use types including (1) silvopastoral system with ash trees (Fraxinus excelsior L.), (2) planted woodland with ash trees, and (3) permanent grassland, which were established in 1989 at Loughgall, Northern Ireland, UK. Our results show that 26 years after the conversion of permanent grassland to either silvopastoral or woodland systems, soil C (and N) stocks (0-20 cm depth) did not significantly change between the three land use types.
Introduction
The conservation and maintenance of significant soil organic carbon (C) pools across human-managed ecosystems worldwide is crucial for sustaining food production and the delivery of multiple ecosystem services (FAO and ITPS 2015) . Over the last two decades there has been increasing evidence that both ecosystem service delivery (including soil C sequestration) and biological diversity greatly benefit from the diversification of agricultural landscapes (Fischer et al. 2008; Phalan et al. 2011; Bommarco et al. 2013) . Diversification includes, for example, the adoption of silvopastoral systems where livestock graze between spaced trees (Mosquera-Losada et al. 2009 ). Although silvopastoral systems provide a wide range of ecosystem services including the regulation of nutrient and water in soils and aboveground sequestration of atmospheric CO 2 (Montagnini and Nair 2009; Tully et al. 2012; Torralba et al. 2016) , it is not clear to what extent these agroforestry systems also promote soil C accumulation. Previous meta-analysis studies show that tree planting on permanent grassland tends to reduce rather than increase soil organic C content and stocks (Guo and Gifford 2002; Laganière et al. 2010 ).
Significant changes in soil C pools typically occur over many years and are influenced by climatic conditions (i.e. tropical vs. temperate regions) and by multiple management factors including tree/shrub species identity and soil disturbance (i.e. tillage vs. notillage), which all contribute to increase variability in soil C stock estimates (Oelbermann et al. 2004; Li et al. 2012) . For example, across tropical regions, rates of soil C sequestration may vary from 5 to 10 kg C ha -1 year -1 in extensive tree-intercropping systems of arid and semiarid tropics to 100-250 kg C ha -1 year -1 in species-intensive multi-strata shaded perennial systems of humid tropics ). In an 18-year-old agroforestry system in a Mediterranean region of Southern France, hybrid walnuts (Juglans regia 9 nigra L.) accumulated * 248 kg C ha -1 year -1 more than a durum wheat (Triticum turgidum) arable cropping system (Cardinael et al. 2015) . A recent study across six agroforestry sites in France shows average soil C sequestration rates of 240 kg C ha -1 year -1 (Cardinael et al. 2017) . Findings from a 14 year-long study in a more temperate maritime climate of England show how C stocks [estimated on an equivalent soil mass (ESM) basis] in the topsoil (0-10 cm depth) of agroforestry and woodland systems were 10 and 22% lower, respectively, than soil C stocks in permanent grassland (Upson et al. 2016) . Recent results from a meta-analysis study (Shi et al. 2013) show that tree planting on permanent grassland does not necessarily lead to significant reductions in soil C stocks.
The high variability in soil C sequestration rates as shown across several agroforestry studies could be partly explained by 'legacy' effects of the soils used as 'control' treatment (i.e. tilled vs. no-tilled soils), which strongly influence soil C pools. For example, repeatedly tilled 'control' soils would have reduced soil C pools when compared to notilled 'control' soils. Carbon stock estimates, especially when comparing different land uses, can also be affected by soil depth (Upson and Burgess 2013) . It could be, however, that variation in soil C sequestration among different agroforestry systems ultimately depends on how C will accumulate and stabilize into different soil aggregate fractions some of which are more recalcitrant than others (von Lützow et al. 2007) . A review study, which compared soil C sequestration in tropical and temperate agroforestry systems, shows that although tropical systems accumulate more organic matter detritus, soil C stocks do not necessarily increase because of the faster turnover rate of this labile C detritus pool (Oelbermann et al. 2004) . Similarly, Cardinael et al. (2015) reported that most of the additional C accumulation benefit of agroforestry when compared to an arable cropping (control) system was related to increases in coarse soil organic fractions, which are considered labile soil C fractions.
So far there have been very few studies, which specifically addressed potential changes in C pools across different soil aggregate fractions especially when comparing agroforestry systems with other land use types (Upson et al. 2016; Osei et al. 2017 ). Here we specifically measured and compared total mass and the C and nitrogen (N) content of four different soil aggregate fractions [i.e. large macro-aggregates ([ 2 mm), macro-aggregates (2-250 lm), micro-aggregates (250-53 lm), and silt and clay (\ 53 lm)] across three land use types (i.e. permanent grassland, silvopastoral system, and woodland plantation), which were all established in 1989 at Loughgall, Northern Ireland, UK. After 26 years of different land use we expect that the presence of broadleaved trees in both silvopastoral and woodland sites would be associated with significant accumulation of plant litter in surface soils especially in the ash woodland. Thus our study aims to assess and clarify whether the accumulation of organic detritus from woody plants will have increased the C pool of ('labile') large macro-aggregate soil fractions (Paul et al. 2003; Huang et al. 2011 ) when compared to permanent grassland. (Cruickshank 1997) .
A long-term silvopastoral experiment was established in 1989 and consists of (1) three silvopastoral plots planted with ash trees (Fraxinus excelsior L.), (2) three woodland plots planted with ash trees (Fraxinus excelsior), and (3) three permanent grassland plots (Fig. 1) . The nine plots were established as part of the UK National Network Experiment (NNE), which includes multiple agroforestry systems (Sibbald et al. 2001) . The site and surrounding area are predominantly characterized by drumlin hills and the previous land use was mainly pasture where grasslands are dominated by perennial ryegrass (Lolium perenne L.). The nine silvopastoral ? woodland ? permanent grassland plots are laid out as three blocked pair treatments where plots within each block are approximately adjacent to each other. Plot size range approximately from 0.12 to 0.56 ha. The agroforestry (i.e. silvopastoral trees) and woodland plots were originally planted at 400 stems ha -1 (5 9 5 m 2 spacing) and 2500 stems ha -1 (2 9 2 m 2 spacing) respectively (Fig. 1) . Silvopastoral plots were managed under a common protocol covering tree protection, rate of fertilizer, sward height of grasses, pruning and thinning regimes. The overall density of each silvopastoral plot was reduced with thinning regimes to 265 stems ha -1 in 2004 and 170 stems ha -1 in 2009 with the stumps still remaining in the ground. Woodland plots received minimal management except for thinning and pruning, which were applied in 2009 to improve the quality of the trees, reducing tree density to an average of 1100 stems ha -1 . In the period between 1989 and 2000 fertilizer application occurred at rates of 120 kg N ha -1 year -1 in silvopastoral and grassland plots and thereafter reduced to 30 kg N ha
. Sheep grazing occurs in the pasture of both silvopastoral and grassland plots from April to November each year (stocking rate is 12 ewes ha -1 ). In 2015, 26 years after planting, average DBH (diameter at breast height) of ash trees in the silvopastoral and woodland plots was 31.2 and 21.9 cm with average stand heights of 16.5 and 15.6 m respectively.
Methods

Soil sampling
In June 2015, within each plot, samples were taken for soil organic carbon (SOC) and bulk density analysis at 0-10 and 10-20 cm depth at each of ten locations along a transect at intervals of 5 m in each of the replicate blocks; thus ten locations 9 3 replicate blocks 9 3 land uses 9 2 soil depths = 180 samples. Soil bulk density was simultaneously measured in June 2015 by collecting a known volume of soil (392.5 cm 3 ) using a metal ring (10 cm diameter, 5 cm deep) pressed into the soil. Plant roots, organic detritus and stones were removed by sieving the soil through a 2 mm mesh size. Total C (%) and N (%) content of bulk soil were determined using a LECO (Laboratory Equipment Corporation) CHNS 932 Elemental Analyser. The amount of organic (as opposed to inorganic carbon) is determined after removing the carbonate section by acidification (Bisutti et al. 2004) . C and N stocks were also estimated in an ''equivalent soil mass'' (i.e. the mass of soil within each of the two surface layers, 0-10 and 10-20 cm; see Ellert and Bettany 1995) .
In August 2015 a total of ten soil samples (5 cm soil core diameter) were also collected between 0-10 and 10-20 cm depth within each experimental plot for soil physical fractionation analyses. Soil samples from each treatment plot were mixed and homogenized to give one composite sample. Fresh soils were sieved through 8 mm mesh size before being air-dried for 5 days. Soil samples were then passed through a series of wet sieving procedures to separate bulk soil into (1) large macro-aggregates ([ 2 mm), (2) macro-aggregates (2-250 lm), (3) micro-aggregates (250 to 53 lm), and primary soil particles or silt and clay (\ 53 lm). Soil physical fractionation analyses were performed following established protocols from literature (Tisdall and Oades 1982; Cambardella and Elliott 1993) . The proportion of each fraction was calculated based on the initial soil mass of 100 g of bulk soil.
Each soil fraction and the bulk soil samples were then analysed for total C (%) and N (%) using a LECO Trumac CN Analyser (St Joseph, MI, USA), at a working temperature of 1350°C. In August 2015, five soil samples (8 cm diameter, 5 cm deep) were randomly collected between 0 to 10 and 10 to 20 cm depth intervals within each plot for soil bulk density measurements. Soil bulk density was measured as the ratio between air-dried (stone-free) soil weight and the soil volume (251.2 cm 3 ). Note that this study mainly focuses on the quantification of different soil C pools and not root C pools, which Permanent Grassland
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Data analysis
We used a mixed effects ANOVA in which the three experimental blocks were treated as random effects and the treatment factors (i.e. land use type and soil depth level) were included as fixed effects. Potential treatment effects were tested on (a) C and N content (%) of bulk soil, (b) soil C and N stocks (Mg C or N ha
), (c) C and N content (%) of each of different aggregate fractions, (d) C and N pools of each soil physical fraction (i.e. g of C or N per kg of soil), (e) mass (g) of each aggregate fraction per 100 g of sieved soil. Final models were produced using restricted maximum likelihood (REML) method. We checked that final models conformed to modeling assumptions and we used posthoc Tukey's tests to search for significant differences between factor levels (e.g. land use types). All analyses were performed using JMP version 9.0.0 (SAS Institute, Cary, North Carolina, USA, 2010).
Results
Soil bulk density, carbon and nitrogen contents
We found that mean bulk density of the soil samples collected in June 2015 at a depth of 0-20 cm was significantly higher in the silvopasture (1.13 g cm -3
; P \ 0.001) than in the grassland (1.02 g cm -3 ) and the woodland (0.99 g cm -3 ) plots. Overall across all land uses bulk density at a depth of 0-10 cm (1.02 g cm -3 ) was lower (P \ 0.05) than that at 10-20 cm (1.08 g cm -3 ). The mean organic carbon content per 100 g of soil across land uses varied with depth and treatment (P \ 0.001) but there was no significant interaction (Table 1 ). The mean SOC declined from 4.82 g C (100 g soil) -1 at 0-10 cm to 3.17 g C (100 g soil) -1 at 10-20 cm (P \ 0.05). The value for the pasture [4.50 g C (100 g soil)
-1 ] was greater than that for the silvopasture [3.54 g C (100 g soil)
-1 ] at 0-20 cm (P \ 0.05). SOC per 10 cm interval declined with depth (Table 2) . Calculating SOC on the basis of a fixed depth, there was no significant (P [ 0.2) effect of land use on soil C storage (Mg C ha -1 ), which ranged from 85.1 Mg C ha -1 in the pasture to 78.1 Mg C ha -1 and 76.1 Mg C ha -1 in the silvopasture and woodland respectively (Table 2) . However, when the analysis was calculated on an equivalent mass basis (Ellert and Bettany 1995) , there was a significant difference (P \ 0.001) among land use types. Soil C stocks (estimated in June 2015) in the pasture (90.0 Mg C ha -1 ) were greater than in the silvopasture (70.9 Mg C ha -1 ), and in the woodland (79.0 Mg C ha -1 ). The bulk density of soil samples collected in August 2015 was significantly higher (P = 0.01) in the silvopastoral system (1.06 ± 0.01 g cm -3 ) than in the grassland (1 ± 0.01 g cm -3 ) and woodland (0.99 ± 0.01 g cm -3 ). The significant effects of soil depth were also evident in soil C content (%) (P = 0.005), soil organic C stocks (Mg C ha -1 ) (P = 0.0002), soil N content (%) (P = 0.01) and soil N stocks (Mg N ha -1 ) (P = 0.0005), with significantly higher values in the 0-10 cm soil layer than at 10-20 cm. Once again the organic C content (%) of bulk soil (P = 0.25) and soil organic C stocks (Mg C ha -1 ) (P = 0.7; Fig. 2a ) did not significantly change across the three land use types. There were also no significant changes in the N content (%) of bulk soil (P = 0.26) and soil N stocks (Mg N ha -1 ) (Fig. 2b ) across the three land use types.
Carbon and nitrogen content (%) of different soil aggregate fractions
The average recovery rate associated with the initial mass of bulk soil (100 g) used for fractionation was 97.35 ± 0.27% (silvopastoral), 97.56 ± 0.25% (grassland), and 97.75 ± 0.29% (woodland). It was found that land use type did not significantly affect the C content (%) of large macro-aggregate (P = 0.35; Fig. 3a) , macro-aggregate (P = 0.31; Fig. 3a) , microaggregate (P = 0.82; Fig. 3a) , and silt and clay fractions (P = 0.25; Fig. 3a) . Similarly land use type did not affect N content (%) of the same soil physical fractions including large macro-aggregate (P = 0.24; Fig. 3b ), macro-aggregate (P = 0.22; Fig. 3b ), microaggregate (P = 0.78; Fig. 3b ) and silt and clay (P = 0.3; Fig. 3b ) fractions.
Soil depth was significantly related to the C content (%) of large-macro-aggregate (P = 0.02), macro-aggregate (P = 0.01), micro-aggregate (P = 0.0002), and silt and clay (P = 0.001) fractions. In particular, all fractions separated from the 0-10 cm soil depth layer had higher C content (%) than deeper soils (10-20 cm soil depth). The same trend was observed for N content (%), which was not affected by land use type (P [ 0.2 for all analyses) but was significantly higher in topsoil layers for large macro-aggregate (P = 0.03), macro-aggregate (P = 0.02), micro-aggregate (P = 0.0004), and silt and clay (P = 0.001) fractions.
Carbon and nitrogen pools of different soil aggregate fractions
We found that C pools (i.e. g C kg -1 soil) of the large macro-aggregate fraction were significantly higher under permanent grassland (23.7 ± 4.6 g C kg -1 soil; P = 0.03) than under silvopastoral trees (14.9 ± 2.8 g C kg -1 soil) or woodland Fig. 4a ). Soil C pools of the macro-aggregate fraction did not change across land use types (Fig. 4b) , however, C pools of microaggregate and silt and clay fractions were significantly lower (P \ 0.05) in the permanent grassland when compared to silvopasture and woodland (Fig. 4c, d ). Soil C pools of the large macro-aggregate fractions were significantly higher in top-soils (0-10 cm) when compared to deeper soils (10-20 cm, P = 0.004; Fig. 4a ). No soil depth effects were found in the C pools of other soil physical fractions (P [ 0.5). Total mass of the large macro-aggregate fraction (i.e. grams of the soil fraction per 100 g of bulk soil) was significantly higher in the permanent grassland when compared with the silvopastoral and woodland ecosystems (Fig. 5a ). In particular in the grassland ecosystem the mass of the large macro-aggregate fraction was 47.9 ± 3 g of the bulk soil mass (i.e. based on 100 g of bulk soil) when compared to 36.3 ± 2.9 g of the silvopastoral system and 33.3 ± 2.9 g of the woodland (P = 0.01). By contrast, the total mass of the macro-aggregate soil fraction significantly decreased in the permanent grassland (37.3 ± 1.9 g) when compared to the silvopastoral (44.4 ± 1.8 g) and the woodland systems (45.1 ± 1.9 g) (P = 0.001; Fig. 5b ). The mass of the micro-aggregate fraction was significantly lower in the permanent grassland (11 ± 1.5 g) when compared with silvopastoral (14.7 ± 1.3 g) and woodland systems (17.3 ± 1.22 g) (P = 0.03; Fig. 5c ). Finally, the mass of the silt and clay fraction also increased from permanent grassland to silvopastoral and woodland systems (Fig. 5d) . For the two smaller fractions, microaggregate and silt and clay, mass differences across land use types were not significant in the 10-20 soil layer (Figs. 5c, d ).
Discussion
Soil bulk density
We found that soil bulk density was significantly higher in the silvopastoral system than in the woodland or permanent grassland. This could be partly explained by compaction caused by animal grazers (i.e. sheep), which can increase soil bulk density by 10-15% when compared to woodland systems (Chanasyk and Naeth 1995) . However, this does not explain the difference between the permanent grassland and the silvopastoral system. A possible reason for the high soil bulk density in the silvopasture plots is that these soils are usually drier than the grassland soils. For example, Upson et al. (2016) showed that for a clay soil in Bedfordshire UK, soil bulk density decreased by 0.017 g cm -3 for each additional 1 g of water per 100 g of soil. Greater water use by widely spaced trees in our silvopastoral system could have reduced soil moisture content. Because the clay component of our soils is significant (& 40%), it could be that the shrinking of these drier soils (compared to the grassland soils) has determined an increase in soil bulk density. Soil carbon stocks When calculated on a fixed depth basis, there was no statistically significant effect of planting trees on soil C content or on soil C stocks. Beckert et al. (2016) also reported no change in soil C stocks between a control pasture system, woodland (2500 tree ha -1 ) and multiple silvopastoral systems (400 tree ha -1 ) 24 years after planting in North East Scotland. In a meta-analysis of seven studies, Hoogmoed et al. (2012) also reported no significant changes in soil C stocks within the first 30 years of afforestation programmes on grassland under Mediterranean climatic conditions in Australia. Poeplau et al. (2011) and Bárcena (2014) have also undertaken metaanalyses that show no evidence of significant soil C accumulation following afforestation of grasslands.
In our study when soil C stocks were calculated on an equivalent mass basis (Ellert and Bettany 1995) , we found that C stocks were lower under the silvopastoral system when compared to the permanent grassland. Wuest (2009) argues that calculations on a mass basis are more accurate when there is a need to remove the confounding effect of compaction between treatments.
Although this study has examined a silvopastoral and woodland system over 26 years, it is possible that the full effect of land use is only detected when considering longer-time scales ([ 30 years) depending on the tree species (Li et al. 2012) . For example, the presence of N-fixing woody species could lead in the long-term to significant increases in soil C pools (Resh et al. 2002) . Hoogmoed et al. (2012) in their meta-analysis indicated that whilst there was no difference between the soil C below pasture and woodland under 30 years old, the soil C was greater in very old woodlands (i.e. about 150 years old).
Soil aggregate fractions
Contrary to our prediction we found that C pools (g C kg -1 soil) of the large macro-aggregate fraction were significantly lower under the silvopastoral and planted woodland (Fig. 4a) than under permanent grassland. Soil C pools of the macro-aggregate fractions were also higher (although not significantly) in the permanent grassland. By contrast C pools of both microaggregate and silt and clay fractions were significantly higher in the silvopastoral and woodland systems than the permanent grassland. Thus, despite no statistical changes in soil C stocks there was a relative 'shift' in the size of different C pools across the three land-use types. Whilst the grassland soils had 'high' C pools of the large macro-aggregate fractions and 'lower' C pools of the microaggregate and silt and clay fractions, the silvopastoral and woodland systems had shifted the balance of the C pools from the macro-aggregates to the smaller fractions.
These results agree with those of Gelaw et al. (2015) , who reported higher C pools in soil macroaggregates (i.e. [ 250 lm) from permanent grassland than those in silvopastoral systems in Ethiopia. Our results also confirm findings from a transect study of three agroecosystems across 35 sites in central Alberta, Canada, which show positive agroforestry effects on the C pool of micro-aggregate as well as silt and clay fractions (Baah-Acheamfour et al. 2014 ). Previous agroforestry studies across different climatic conditions also show that tree planting in the longterm contributes to increases in the C pool of both soil microaggregate and silt and clay fractions (Haile et al. 2010; Hoosbeek et al. 2016; Osei et al. 2017) . Our findings, also agree with those from a recent study in the UK (Beckert et al. 2016) , which show that the C pool of silt and clay fractions is lower in pasture soils when compared to different silvopastoral systems. However, the same study shows that other recalcitrant C pools may not differ between pasture and silvopastoral systems, suggesting that differences in soil fractionation methods (i.e. physical vs. density fractionation) and in tree species identity (i.e. ash vs. sycamore vs. scots pine) may add significant variability to C accumulation and stabilization processes into different soil fractions.
In our study the observation that the silvopastoral and woodland system showed high C pools in the micro-aggregate and silt and clay fractions could be a result of high deposition of broadleaf litter. Greater litter inputs may have stimulated microbial activity and hence led to greater organic matter degradation than in the grassland system ultimately determining greater accumulation and stabilization of C into smaller aggregate fractions (Prescott 2010) . The higher C pools in the two smaller soil fractions found in the woodland rather than the silvopastoral system (where the understorey is grazed) (Fig. 4c, d ) may be a result of the woodland receiving more plant detritus than the ash silvopastoral system.
Evidence from this study suggests that shifts in soil C pools of different aggregate fractions across land use types were more related to changes in soil 'aggregate mass' rather than in soil 'aggregate C content' (Fig. 5 ). This suggests that within both silvopastoral and planted woodland systems more organic matter has been processed by macrofauna and soil microbes thus increasing detritus inputs into smaller soil aggregates. For example Del Galdo et al. (2003) and De Gryze et al. (2004) have shown how afforestation can promote an increase of C in more protected microaggregate (53-250 lm) soil fractions and that this might be seen as an indicator of long-term C accumulation, especially if these soil fractions accumulate in deeper soils (Howlett et al. 2011) .
Overall, our results show how soil C (and N) stocks do not change after almost three decades since a significant land use change from permanent grassland to either silvopastoral or woodland management systems. We observed, however, significant changes in both soil aggregate mass and the soil C pool of different aggregate fractions. Large macro-aggregate C pools were greater in permanent grasslands whereas micro-aggregate and silt and clay C pools were greater in silvopastoral and woodland systems. Further studies could address what underlying biogeochemical mechanisms might be responsible for soil aggregate changes and whether the accumulation of C into smaller-recalcitrant fractions is an indicator of longterm C sequestration in silvopastoral soils.
